The trans-cis isomerization of azo dyes in liquid crystalline hosts is studied. It is shown that the full set of parameters governing the isomerization process can be deduced from polarized pump-probe transmission measurements. The results indicate that the dye order parameter for the trans isomer is relatively high and is strongly related to the liquid-crystalline order. The cis isomer exhibits a much lower dye order parameter and is not strongly dependent on the liquid-crystalline phase. The barrier to the thermal cis-trans relaxation is found to be relatively unaffected by the liquid-crystalline phase, while changes are observed in the pre-exponential factor.
I. INTRODUCTION
The optical properties of absorbing liquid crystals have attracted considerable interest in the last several years. In particular, a number of intriguing light-induced effects has been found to occur in liquid crystals doped with, or consisting entirely of azo derivatives. For example, Ikeda and Tsutsumi 1 observed nematic-to-isotropic transition due to phototransformation of azo molecules. Chen and Brandy 2 reported self-diffraction effects in an azo dye doped nematic. Folks et al. 3 investigated photoinduced textural instabilities in a smectic liquid crystal containing an azobenzene derivative. 3 Barnik et al. 4 observed anomalous angular dependence of the optical torque in azo dye doped liquid crystals, which was explained by taking into account the photoisomerization of the dopant molecules. 5 Another interesting phenomenon connected with photoisomerization occurs in azobenzene side-chain liquid-crystalline polymers, where light-induced trans-cis transitions lead to the development of macroscopic anisotropy in initially optically isotropic systems. 6, 7 The quantitative interpretation of this phenomena requires the knowledge of the basic parameters of the photoisomerization process. These parameters include the absorption cross sections of the isomers, the quantum efficiencies of the light-induced trans-cis and cis-trans isomerizations, and the rate constant of the thermal cis-trans back relaxation. As we deal with uniaxial anisotropic media, the absorption cross sections have two independent components; one for an ordinarily polarized beam, and the other for the extraordinary beam. Thus, the complete characterization of the isomerization process requires, altogether, the determination of seven parameters.
One possible way to obtain these parameters is to investigate the light-induced reorientation process itself. The Risø group proposed such an approach for side-chain nematic polymers. [8] [9] [10] They used a mean-field theory to describe the time dependence of the light-induced birefringence in the mesogenic side-chain nematic polymers. From a comparison of theory with experiment, they determined, through a fitting procedure, the average cross sections for both the trans and cis isomers, as well as the quantum efficiencies of the lightinduced transitions. This method, however, is restricted to systems where reorientation is easily observed. In addition, it does not give complete information for the relevant parameters.
In a paper, published in 1998, 11 we proposed an alternative approach, which is based on polarized pump-probe transmission measurements. Our method is applicable to guest-host systems, in which a small amount of an azo-dye dopant is added to well-oriented, monodomain liquidcrystalline hosts ͑typically to low-molecular mass liquid crystals͒. During the experiments, macroscopic reorientation does not take place. This condition can be ensured partly by choosing appropriate geometries and partly by keeping the pump and probe intensities at sufficiently low levels. Furthermore, the probe intensity is kept low enough, to avoid isomerization by its presence; transitions are only due to the pump beam.
Under the circumstances just outlined, transmission measurements of the probe beam alone can yield the ordinary and extraordinary trans absorption cross sections. Transmission measurements, performed with pump intensities high enough to saturate the cis concentration, allow for determining the cis absorption cross sections and the ratio of the quantum efficiencies. In order to get the absolute values of the quantum efficiencies, the probe transmission must be measured as a function of the pump intensity. Finally, the rate constant of the thermal cis-trans transitions can be obtained by observing the probe relaxation after the pump is switched off. Thus, all relevant parameters can be derived from the data, using standard rate equations only.
In the present article, we apply the procedure outlined herein to certain azo dyes. We selected dyes that can be useful in the nonlinear optical applications, mentioned in the first paragraph of Sec. I. They absorb strongly in the visible range, in particular at the wavelength 488 nm, at which the experiments were performed. The thermal cis-trans relaxation times for these substances are relatively short, ranging from a second to few milliseconds. This circumstance ensures a fast recovery of the initial state after the light is turned off.
The dyes were dissolved in two different liquidcrystalline hosts. The first host, octyl-cyano-biphenyl ͑8CB͒ exhibits smectic A, nematic and isotropic phases, while the second host is nematic throughout the temperature range investigated. One of our aims is to provide quantitative values of the parameters of photoisomerization in these specific guest-host systems. In addition, we intend to gain insight to the problem as to how these parameters are influenced by the arrangement of the surrounding solvent molecules. In the smectic phase, the host molecules possess both translational and orientational order; in the nematic phase only orientational order is present, while in the isotropic phase both types of order are absent. Therefore, measurements in 8CB should indicate the importance of the molecular order of the host material on the photoisomerization process. Measurements in the nematic host are carried out in the same temperature range as for 8CB, and serve as a comparison.
The article is organized as follows. In Sec. II, we review the theoretical description of photoisomerization in liquid crystals. In Sec. III, the experimental techniques are described. The results are presented and discussed in Sec. IV and conclusions discussed in Sec. V.
II. THEORETICAL DESCRIPTION
Consider a planar aligned liquid crystal system doped with trace amount of azo dye. The dye molecules can be made to isomerize via photoexcitation. Light-induced transcis and cis-trans transitions, as well as thermal relaxation of the cis isomer to trans, are the elementary processes involved in isomerization. For light normally incident on the sample, the optical field polarization can be resolved in terms of the ordinary component, that which is orthogonal to the liquid crystal director, and the extraordinary component, that which is parallel to the director. The fraction of cis isomers, X, is determined by the light polarization and intensity, and is described by
where I i is the light intensity, C i and T i are the absorption cross sections of the cis and trans isomers, respectively, for light of polarization i, ⌽ TC and ⌽ CT are the quantum efficiencies of the trans-cis and cis-trans transitions, respectively, and is the relaxation time back to steady state in the absence of light. The first and second terms on the right-hand side of Eq. ͑1͒ describe light-induced transitions, while the third term accounts for the thermal relaxation of the cis component.
Equation ͑1͒ can be rewritten in terms of a saturation intensity I S as
where the saturation intensity, I S i , is given by
.
͑3͒
From Eq. ͑2͒, the steady-state fraction of cis isomers is given by
where the saturation cis fraction is
From Eqs. ͑4͒ and ͑5͒, it is clear that the saturation intensity, I S i , and the saturation cis fraction, X S i determine the steadystate fraction of the cis isomer. The latter is determined by the ratio of cis and trans absorption cross sections, C i / T i , and the ratio of the quantum efficiencies, ⌽ TC /⌽ CT .
One technique for determining these parameters is that of pump probe in which an m-polarized probe beam tests the absorbance changes caused by an i-polarized pump beam at the same wavelength. In the absence of illumination, when only trans isomers are present, the probe beam experiences an absorption coefficient ␣ T m ϭN T m , with N being the total number density of dye molecules. The measurement of the absorbances A T m ϭ␣ T m L ͑L is the sample thickness͒ under such circumstances allows for the determination of the trans absorption cross sections.
In the presence of the pump, the absorption coefficient can be assumed to be a linear superposition of the contributions from the two isomers:
where ␣ C m ϭN C m is the cis absorption coefficient. When the pump beam is much higher than the saturation intensity, the cis fraction is equal to the saturation value X S i , given by Eq. ͑4͒. The saturated absorbances in this case are given by
As shown in Ref. 11, measuring the saturated probe absorbances at various combinations of ordinary and extraordinary light for the pump and probe, respectively, together with the two A T m values, allows for the determination of the ratios C i / T i and ⌽ TC /⌽ CT :
With the help of these ratios, one can also calculate the X i and D i values, according to Eqs. ͑5͒ and ͑8͒, respectively. In order to determine the saturation intensities, measurements at intermediate pump intensities, with incomplete cis saturation, must be carried out. In this situation, the steadystate attenuation of the probe and pump beams along the sample normal ͑z direction͒ are described by the equations, respectively:
Equations ͑10a͒ and ͑10b͒ can be integrated, leading to the following expression for the probe absorbance ͑see Appendix͒:
This expression contains also the pump transmission,
. For pump and probe beams of the same polarization, propagating colinearly, the i-polarized pump is attenuated by the same amount as the i-polarized probe. Hence, one has
Furthermore, if we take D i and X i as known parameters from the measurements with saturated cis concentration, Eq. ͑11͒ can be considered to be a transcendental equation for I S i /I i (0). This can be readily solved numerically. In a more precise method, the probe absorbance is measured as a function of pump intensity ͑therefore giving the pump absorbance, as well͒, then the saturation intensity can be determined by numerically varying it so as to minimize the difference between the left-and right-hand sides of Eq. ͑11͒.
The saturation intensity can be obtained also by measuring the transient relaxation time as a function of the intensity. This possibility will be discussed in a future paper.
The thermal relaxation time can be determined by observing the decay of the probe intensity after the pump is switched off. From the values of I S i and , the absolute values of the quantum efficiencies can be determined ͓c.f. Eq. ͑3͔͒. Thus, we demonstrated that in liquid crystals, the full set of parameters governing the isomerization process can be deduced from polarized transmission measurements.
It is interesting to note that this procedure breaks down for the isotropic phase. In this phase, only four independent quantities can be inferred from the data, namely the linear and the saturated absorbance, the saturation intensity, and the thermal relaxation time. The model contains, however, five parameters for the isotropic phase: the trans and cis absorption cross sections, the two quantum efficiencies, and the thermal relaxation time. Hence, to obtain all parameters in the isotropic phase, one has to use some assumption not based on direct measurements. On the other hand, this method can be applied without any modification to smectic phases. Therefore, demonstrating certain advantages when compared with the procedure applied by the Risø group. Their approach requires light-induced director reorientation, which is hard to realize in smectic mesophases.
III. EXPERIMENT
The dyes investigated were disperse orange 3 ͑DO3͒, disperse red 13 ͑DR13͒ from Aldrich, and methyl red from Merck. The hosts were 8CB and the eutectic mixture E63, supplied by British Drug House. The samples prepared were DR13 in 8CB ͑0.1% wt%͒, DR13 in E63 ͑0.1% wt%͒, DO3 in 8CB ͑0.4% wt%͒, DO3 in E63 ͑0.47% wt%͒, methyl red in 8CB ͑0.1% wt%͒ and methyl red in E63 ͑0.06% wt%͒. Planar aligned liquid crystal samples were prepared in the usual way. Glass slides were spincoated with polyamic acid, which was heated in an oven to form a coating of polyimide, and then rubbed with velvet in the preferred direction. Each cell was 50 m thick, set by a pair of spacers.
A schematic of the pump-probe experiment is shown in Fig. 1 . The pump was an Ar ϩ laser tuned to the 488 nm line. Saturation measurements were made by setting the intensity of the pump high enough to saturate the dye, but not high enough to heat the liquid crystal significantly. The polarized pump beam was directed though a computer-controlled twisted nematic cell, which set the polarization of the beam, and a computer-controlled shutter. The unfocused pump beam was then directed through the liquid crystal sample. A beam splitter was used to direct a portion of the pump beam to a detector to measure the incident pump intensity. The probe was from a second much weaker Ar ϩ laser also tuned to the 488 nm line and made a small angle ͑few degrees͒ with the pump. The polarized probe was also directed through a computer-controlled shutter and twisted nematic cell. Care was taken to make sure that overlap between the pump and probe beams within the sample were optimized. The unfocused probe was then directed to a photodetector. The output of the photodetector was sent to a storage oscilloscope. The liquid crystal cell was placed in a holder with external temperature control.
For the dyes methyl red and DO3, the linear absorbances ͑i.e., probe absorbance in the limit of zero intensity͒, the nonlinear absorbances, and relaxation time were measured by sequencing the shutters and twisted nematics as follows. For either ordinary or extraordinary probes, the probe shutter was opened. The transmitted probe was observed to increase in intensity, indicating that even at the low pump intensities there was some cis-trans isomerization. The initial intensity was taken as the linear absorbance, A Tm . With the twisted nematic set for o pump, the pump shutter was then opened. After the probe intensity reached the new steady-state value, the pump shutter was closed allowing for relaxation of the probe. With the twisted nematic now set for e pump, the pump shutter was again opened, and the probe reached the new steady-state intensity. The pump shutter was closed again. After the probe signal relaxed back to the no-pump steady-state intensity, the probe shutter was closed. Figure 2 shows typical measurements of this sequence. Background measurements were also taken, with the probe blocked, to make sure that any scattering of the pump into the probe detector was minimal and, if necessary, accounted for.
The dye DR-13 has a significantly shorter relaxation time than methyl red and DO3. In this case, a chopper replaced the shutter for the pump beam. The storage scope was set in averaging mode. While this method allowed for the measurement of the relaxation time for DR-13 in the liquid crystal host, saturation intensities could not be attained. Measurements were made for all three dyes at temperatures ranging from about 20 to 55°C. In the liquid crystal E63, these measurements were done in 5°increments. In the liquid crystal 8CB, 1°increments were necessary as the smectic/ 
Photoisomerization of azo dyes in liquid crystals nematic transition occurred at around 32°C and the nematic/ isotropic transition occurred at around 40°C.
To determine the saturation intensity for methyl red and DO3, the probe absorbance was measured for several pump intensities. In this case, the probe was chopped, and the signal sent to a lock-in amplifier. This was done in 8CB in the smectic, nematic, and isotropic phases. In E63, where there is only a nematic phase, the measurements were made at room temperature. Figure 3 shows characteristic Arrhenius plots of ln͓1/͔ ͑ being the measured relaxation time͒ verses 1/kT, in this case for the dye DO3 in 8CB and E63. The slope of the curve is the barrier potential, E A , and the intercept is ln͓A͔ ͑i.e., 1/ϭA exp͓ϪE A /kT͔). Fit parameters are given in Table I . While it is possible that the barrier potential for isomerization may be slightly different in the three different phases of 8CB, such differences are smaller than the uncertainty in the measurement. In other words, it appears as though the phase of the liquid crystal does not have a significant effect on the height of the barrier potential. An average barrier potential was calculated and used to determine the pre-exponential factors for the dyes in each of the three phases. Inspection of Fig. 3 indicates that this method is reasonable. These fits show that the potential barrier to cis-trans isomerization is of the same order of magnitude for each of the three dyes, c.f. Table I . This indicates that the relatively high rate of isomerization for DR13, two orders of magnitude faster than either DO3 or methyl red, cannot be explained by differences in the barrier potential. Both in E63 and 8CB, DR13 and DO3 have comparable barrier potentials, whereas methyl red has the lower barrier potential. The fact that the relative isomerization rates are not explained by any differences in the barrier potentials is even more apparent when considering that methyl red, with the lowest barrier potential, is not the fastest to isomerize. Any significant difference in isomerization rates is found in the pre-exponential factors shown in Table I . The low pre-exponential factor for methyl red compensates for its lower-energy barrier, while the high pre-exponential factor for DR13 is responsible for its fast isomerization rates. In addition, it can be seen in Fig. 3 and Table I that in 8CB the pre-exponential factor is slightly smaller in the isotropic phase than in the nematic phase. The difference, however, while systematic for all three dyes, is on the order of 10%. This suggests that in the isotropic phase, there is a small amount of hindrance to isomerization, perhaps mechanical, that does not exist in the nematic phase. The pre-exponential factor just discussed is determined by the shape of the potential curve along the reaction coordinate and by the ''friction'' experienced by the dye during isomerization. 12 These results indicate that this friction, which should be inversely proportional to the isomerization time in the absence of a barrier, does not necessarily scale with the viscosity of the liquid crystal host. Consider that for DR13 and DO3 the pre-exponential factor is larger in E63 than it is in 8CB, whereas for methyl red it is smaller. It is about 20 times larger for DR13, and about 6.5 times greater for DO3. But the pre-exponential factor for methyl red in E63 is only 28% of that in 8CB. Similarly, the energy barrier to isomerization for DR13 and DO3 is greater in E63 than it is in 8CB, whereas the opposite appears to be true for methyl red. In E63, the energy barrier is about 21% greater than it is in 8CB. For DO3, the energy barrier in E63 is about 11% greater than that in 8CB. And for methyl red, the energy barrier in E63 is about 12% less in E63 than in 8CB. Considering that the viscosities of E63 and 8CB are comparable, it must be concluded that the barrier shape is primarily responsible for these differences in the pre-exponential factor. 13 However, any conjecture beyond this is outside the scope of the present study. Figures 4͑a͒ and 4͑b͒ show the linear absorption coefficients for the trans isomers of the dyes DO3 and methyl red, respectively. In the plots of Figs. 4͑a͒ and 4͑b͒ , the orientational average of the absorption coefficients, (2␣ o ϩ␣ e )/3, is shown for 8CB also. Any change in this factor reflects variations in the density of the host and in local field correction. 14 At the phase transitions, discontinuities are observed. Interestingly, the average increases at the smectic-nematic transition, while it decreases at the nematic-isotropic transition.
IV. RESULTS AND DISCUSSION

A. Relaxation measurements
B. Saturation measurements
The average values measured in the smectic phase are rather close to the isotropic values; possibly the changes in local field correction and in density cancel each other.
In Fig. 5 , the dichroism is shown, characterized by a ''dye order parameter,'' defined as
As can be seen from Fig. 5 , the trans isomer has a relatively high dye order parameter in the liquid-crystalline phases, and its temperature dependence resembles that of the order parameter of the host. 15 The cis absorption coefficients were evaluated from pump-probe experiments, using Eq. ͑9͒. In Fig. 5 , the dye order parameter of the cis component is shown also. Although it is essentially smaller than that of the trans component, it still has a finite positive value in the liquid-crystalline phases, indicating a certain order of the cis molecules. The small value of the dichroism can have two origins. First, the angle between the transition dipole moment and the ''long axis'' ͑defined, e.g., as the axis with the smallest moment of inertia͒ can be much larger in the cis configuration than in the trans. Second, the guest-host interaction may be much weaker for the V-shaped cis isomer than for the trans isomer, which has a similar shape as the host molecules. As a consequence, the trans isomer can be aligned more effectively than the cis one. The dye order parameter of the cis component of both dyes correlates with the liquid-crystalline order in the smectic phase, but is more or less constant in the nematic phase.
In Figs. 6͑a͒ and 6͑b͒ the quantum efficiency ratio and the saturated ͓cis͔/͓trans͔ ratios are shown respectively, for the dye methyl red. The results obtained for DO3 are qualitatively similar to that of methyl red. It is important to note that Fig. 6͑b͒ shows the photoinduced steady-state ratio ͓cis͔/ ͓trans͔, determined from the saturated ͓cis͔/͓trans͔ ratio using Eq. ͑5͒, to be dependent on the pump polarization in the liquid-crystalline phases.
As discussed in Sec. II, these quantities cannot be directly evaluated in the isotropic phase. In order to estimate their values in this phase, we assumed that isotropic absorption coefficient for the trans isomer is close to a weighted average of the e and o absorption coefficients in the smectic phase, and that this weighting holds for the cis isomer as well. With this assumption, an isotropic value of the cis linear absorption coefficient was calculated and used to estimate the quantum efficiency ratios, shown in Fig. 6͑a͒, c. f. Eq. ͑9b͒. The saturated ͓cis͔/͓trans͔ ratio was then estimated using Eq. ͑5͒. This estimated ratio was found to be between the e and o values of the calculated values in the nematic phase, as shown in Fig. 6͑a͒ . As a second possibility, we determined the isotropic absorption coefficient for the trans isomer as a weighted average of the e and o absorption coefficients near the nematic-isotropic transition, and used this weighting to calculate the isotropic absorption coefficient of the cis isomer. Using this assumption, for both dyes in the isotropic phase, the estimated quantum flux ratios were about 3.3 times greater and the saturated ͓cis͔/͓trans͔ ratios were approximately 2 times greater than that using the first method. The saturated ͓cis͔/͓trans͔ ratios calculated in this manner were higher than either the e or the o values in the nematic phase. Although the situation depicted in Fig. 6͑b͒ , based on our first conjecture, seems to be more plausible, the second possibility cannot be excluded. Clearly, there is a certain amount of ambiguity in determining these parameters in the isotropic phase.
It can also be seen in Figs. 6 that in E63, both the quantum efficiency ratio and the saturated ͓cis͔/͓trans͔ ratios are relatively independent of temperature. This is true for both dyes. The quantum efficiency ratio, ⌽ TC /⌽ CT , was found to be around 0.3 for DO3 and 0.7 for methyl red. For DO3, the saturated ͓cis͔/͓trans͔ ratios for the e and o pumps, respectively, were 1.2 and 0.4, whereas for methyl red they were 4.7 and 1.7.
Figure 6͑b͒ also shows the e pumped saturated ͓cis͔/ ͓trans͔ ratio decreasing with temperature in the nematic phase of 8CB, but not in the nematic phase of E63. The decreasing trans absorption coefficients with temperature, along with the increasing in the cis absorption coefficients in 8CB, c.f. Fig. 4 , is directly responsible for this. Smaller trans absorption coefficients and larger cis absorption coefficients translate directly into smaller ͓cis͔/͓trans͔ ratios. It is also possible, although presently not verifiable; that the entropy of the trans isomer in the nematic phase might be increasing with temperature while the entropy of the cis isomer remains relatively constant, as indicated by the dye order parameters. Such an increase in the entropy difference might possibly balance the positive energy difference resulting in temperature independent quantum efficiency ratios in the nematic phase of 8CB. Figure 7 shows an example of the difference between the linear and nonlinear absorbance as a function of pump intensity, in this case for DO3 in 8CB. The data were fit to Eq. ͑11͒ by varying the saturation intensity to minimize the difference between the left-and right-hand sides. The fit values for the saturation intensities are given in Table II . From these values it can be seen that in both the smectic and nematic phases of the liquid crystal host, the saturation intensity for ordinarily polarized light is about twice that of the extraordinarily polarized light. In the liquid-crystalline phases of 8CB, the saturation intensities for both dyes are comparable. In the isotropic phase of 8CB and in E63, the saturation intensity for methyl red is less than half that of DO3.
C. Saturation intensities and absolute values of the quantum efficiencies
The saturation intensities for both DO3 and methyl red are quite small, in all cases, much less than 1 mW/mm 2 . Saturation, however, does not occur until the intensity is somewhat higher, in most cases greater than 5 mW/mm 2 . The reason for this is that as the light propagates through the sample, it is attenuated. At the point where the light intensity drops below the saturation intensity, the dye will no longer saturate.
Assuming the saturation intensities to be relatively con- stant within a liquid crystal phase, the quantum efficiencies can be calculated,
͑13͒
The values of ln͓⌽͔ for methyl red are shown in Fig. 8 as a function of 1/kT. Methyl red DO3 shows similar results. These values may be subject to a systematic error, as they are based on the determination of the dye number density, N, from the mass fraction of dye and the density of the liquid crystalline host. However, the trends exhibited in Fig. 8 should be independent of such an error. Within a specific liquid crystal phase, the linearity of ln͓⌽͔ with 1/kT indicates that these quantum efficiencies follow a Boltzmanntype distribution. It shows that the cis to trans quantum efficiencies and the trans to cis quantum efficiencies tend to increase with temperature within that phase. Yet, in 8CB the quantum efficiency, ⌽ CT , in the smectic phase is greater than that in the nematic phase, even though the smectic phase exists at lower temperatures. This is true for both dyes. In addition, in both the smectic and nematic phases, ⌽ CT is always greater than ⌽ TC . Figure 8 also indicates that the temperature dependence of ⌽ TC in the nematic phase of 8CB tends to be weak. The quantum efficiencies in the isotropic phase were estimated based on the assumptions discussed in Sec. IV B where the smectic absorption coefficients were used to calculate the isotropic absorption coefficients and estimate the quantum efficiency ratio, c.f. Fig. 6͑a͒ . Had the nematic absorption coefficients been used, ⌽ CT would have been about 2.8 times smaller and ⌽ TC would have been about 20% greater.
V. CONCLUSIONS
In comparing dye properties in the smectic, nematic, and isotropic phases, several items stand out. It is quite clear that the barrier to cis-trans isomerization is relatively unaffected by the liquid-crystalline phase. Yet, there is some additional hindrance to isomerization in the isotropic phase, indicating a slight increase in ''solvent friction.'' Regarding dye anisotropy, our results show that the dye order parameter for the cis isomer is not strongly dependent on the liquid-crystalline phase, whereas the opposite is true for the trans isomer. As discussed, this suggests that the dye order parameter for the trans isomer is a reasonably good measure of the liquidcrystalline order. While this order varies insignificantly in nematic E63, that is not the case for 8CB, where in the nematic phase the order changes most dramatically. Finally, our results also indicate that the quantum efficiencies for cistrans isomerization and the saturated ͓cis͔/͓trans͔ ratios are dependent on the liquid-crystalline phase.
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APPENDIX: DERIVATION EQ. 11 FOR NONLINEAR ABSORBANCE
Equation ͑11͒ is derived by combining Eqs. ͑10a͒ and ͑10b͒ with Eq. ͑4͒. In particular, inserting Eq. ͑4͒ into Eq. ͑10a͒, with some rearrangement of terms, gives dI m ϭϪ␣ T
